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ABSTRACT
We trace the cosmological origin of satellites around a dwarf galaxy using a very high resolution
(12 pc/h) cosmological hydrodynamic zoom simulation. To realistically describe the formation and
evolution of small-mass stellar satellites, our model includes a full baryonic physics treatment including
a recipe for UV self-shielding. We find that the mini-halos form objects resembling dwarf galaxies.
Despite our high resolution, none of our ‘mini-halos’ form objects that might be considered globular
cluster-like. Instead such objects are formed in the host galaxy’s gaseous disk. We investigate why
some form stars more efficiently than others. We find that the majority of their star forming gas is
accreted after reionisation, thus the survival of a mini-halos gas to reionisation is not an important
factor. Instead, the key factor seems to be the ability for a mini-halo to cool its recently accreted
gas, which is more efficient in more massive halos. We find halos in denser environments suffer more
mergers, enabling them to grow their mass such that cooling of accreted gas can occur efficiently.
Although the host galaxy is only a dwarf galaxy itself, we find that ram pressure is an efficient means
by which accreted mini-halos lose their gas content, both by interacting with hot halo gas but also in
direct collisions with the gas disk of the host. The satellites are also disrupted by the tidal forces near
the center of the host galaxy. Compared to the disrupted satellites, surviving satellites are relatively
more massive, but tend to infall later into the host galaxy, thus reducing the time they are subjected
to destructive environmental mechanisms and dynamical friction. In summary, our results suggest
that the characteristics of satellites are mainly determined by their ability to efficiently cool gas that
is accreted in the redshift range z=3-5, prior to their infall into the host galaxy.
Keywords: galaxies: formation — galaxies: dwarf — galaxies: evolution — methods: numerical
1. INTRODUCTION
In the current Concordance cosmology of Lambda
cold dark matter (ΛCDM), structures are hierarchi-
cally built up by merging of smaller structures. A
galaxy itself is a result of the hierarchical clustering
of many smaller buillding blocks. Many of the smaller
objects suffer tidal stripping and dynamical friction,
and end up spiralling into the central regions of the
galaxy. Although most objects are disrupted, some of
these objects, such as globular clusters (GCs), ultra-
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compact dwarfs (UCDs), dwarf spheroidals (dSphs),
ultra-faint dwarfs (UFDs), and dwarf galaxies, can sur-
vive as satellites (Ibata et al. 1994; Taylor & Babul
2004; Mashchenko & Sills 2005b; Saitoh et al. 2006;
Trenti et al. 2015; Gonza´lez & Padilla 2016).
The progenitors of satellites typically form in their
own individual low mass dark matter (DM) halos and
later fall into the host galaxy (Peebles 1984; Mayer et al.
2001; Kravtsov et al. 2004; Mashchenko & Sills 2005a,b;
Pen˜arrubia et al. 2008;  Lokas et al. 2012; Kirby et al.
2013a; Trenti et al. 2015). However, they are believed
to form at different epochs with different mass, size, DM
content, and star formation history and to have expe-
rienced different environmental histories (Mateo 1998;
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McConnachie & Irwin 2006; Evstigneeva et al. 2007;
Simon & Geha 2007; Mieske et al. 2008).
Recent studies on the spatial distribution of satel-
lites around a host galaxy reported that the satellites
tend to align along filamentary large-scale structures
that are connected with the host galaxy (Knebe et al.
2004; Gonza´lez et al. 2013; Tempel et al. 2015). Since
the satellites form not only in the individual DM halos,
but also along the large-scale structures connected to
the host galaxy, tracing the formation of the satellites
requires us to include a wide range of dynamical scales
and cosmological density fluctuations.
It is often believed that reionization or thermal en-
ergy feedback will have a high impact on the gas
content of small halos, ionising or ejecting their gas,
and suppressing their star formation (Shen et al. 2014;
Sawala et al. 2016). However, efficient radiative cool-
ing can allow some small halos to possess gas which
is self-shielded from the ultra violet (UV) radia-
tion (Bland-Hawthorn et al. 2015; Wheeler et al. 2015;
Jethwa et al. 2018). These halos may be very impor-
tant for the formation of dwarf galaxies and their small
satellites.
In this paper, we aim to understand how satellites
form around a dwarf galaxy in a cosmological context.
For this, we perform three cosmological hydrodynamic
zoom simulations that form a galaxy whose total mass,
Mt, is ∼ 10
10 M⊙/h at z = 0. We then trace their mini-
halos, whose baryon mass (Mb) is more than 10
4 M⊙/h,
that form outside the dwarf galaxy, but later fall into the
galaxy. Hereafter, we refer to the dwarf galaxy as a host
galaxy, while the individual mini DM halo that forms
outside but later fall into the host galaxy are referred to
as ‘mini-halos’. After infall into the host galaxy, mini-
halos are referred to as satellites.
This paper is organized as follows. In §2, we intro-
duce our simulation code and simulation parameters. §3
is devoted to describing our three different host galax-
ies. The properties of mini-halos and satellites around
the galaxy are described in §4. We compare properties
of the surviving satellites with observations in §5 and
summarize and discuss our results in §6.
2. COSMOLOGICAL HYDRODYNAMIC
SIMULATIONS
For our cosmological hydrodynamic zoom simulations,
we use a parallel N-body/smoothed particle hydrody-
namics (SPH) code, Gadget-3 (Springel 2005). To real-
istically reproduce small-scale gaseous structures, one
needs to include low temperature cooling below 104
K (Saitoh et al. 2006). For this, we include the fol-
lowing processes; 1) radiative cooling/heating down to
10 K (Ferland et al. 1998), 2) star formation from gas
clouds that satisfy: nH ≥ 100 cm
−3, T < 104 K, and
∇ · v < 0 (Saitoh et al. 2008), and 3) thermal energy
feedback by supernova (SN) explosions (Okamoto et al.
2008). Uniform ultra-violet (UV) radiation by cos-
mic reionization at z ∼ 8.9 is considered in the ra-
diative cooling/heating terms (Haardt & Madau 1996).
Critically, high-density gas with nH ≥ 0.014 cm
−3
is assumed to be self-shielded from the UV radiation
(Tajiri & Umemura 1998; Sawala et al. 2010). The full
details of this scheme are described in Shin et al. (2014)
and references therein.
Saitoh & Makino (2009) reported that SPH simu-
lations with individual time-stepping schemes do not
properly describe the effects of SN feedback because
gas particles surrounding an exploding star particle can-
not react instantly to the SN event. This leads to very
strong feedback, larger than the original SN energy, and
thus violates energy conservation. To avoid this, we im-
plemented a time-step update algorithm introduced by
Durier & Dalla Vecchia (2012), which is a modified ver-
sion of the time-step limiter of Saitoh & Makino (2009).
We used the post-Planck cosmological model of
Ωm = 0.3, ΩΛ = 0.7, Ωb = 0.048, and h = 0.68
(Planck Collaboration et al. 2014), and the power spec-
trum under this cosmology is generated by the CAMB
package1 (Lewis et al. 2000). A linear approximation
for the structure growth is imposed until z = 49. We
start non-linear N-body/SPH calculations from this
redshift onwards. Initial conditions for particle posi-
tions and velocities are generated by a MUSIC package
(Hahn & Abel 2011).
To efficiently consider both the large-scale and small-
scale structures that enable a dwarf galaxy and satel-
lites to form, respectively, we perform simulations with
two different resolutions, i.e., zoom simulations. First,
a DM-only simulation of an (8 Mpc/h)3 uniform box
is performed with ∼ 17 million low-resolution particles.
We then search for DM halo candidates for our host
galaxies, that have an Mt of 10
10 M⊙/h at z = 0 and are
located in isolated environments2. The lagrangian vol-
ume for the dwarf galaxy-like halo is traced back to the
initial conditions, and more detailed and high resolution
density fluctuations than those of the DM-only simula-
tion are added within this volume (i.e. the zoom region).
Thus, the zoom region is composed of high-resolution
gas and DM particles, while the rest of the simula-
1 http://camb.info/
2 An isolated environment for a halo is defined as having no
other halos whose mass is more than 50 % of the halo within a
radius 5 times larger than rvir of the halo.
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tion box consists of low-resolution DM particles. Next,
we perform multi-resolution hydrodynamic simulations
with ∼ 51 million particles, whose high-resolution par-
ticle mass for DM and gas is ∼ 4×103 M⊙/h and ∼
8×102 M⊙/h, respectively. The initial mass of a star
particle is one third that of the original gas particle
mass. Each star particle contains a stellar popula-
tion that follows the initial mass function of Kroupa
(2001) and suffers mass loss following the stellar evolu-
tion model of Hurley et al. (2000). To avoid contami-
nation by low-resolution particles in the high-resolution
region, we increase the Lagrangian volume to cover 5
times the virial radius rvir of the dwarf galaxy-like halo
(On˜orbe et al. 2014). Gravitational softening length for
the high-resolution region is fixed as 130 pc/h on a co-
moving scale for z > 10 and 12 pc/h on a physical scale
for z ≤ 10. For better statistical results, we performed
three different zoom simulations using different galaxy
targets until z = 0.
Halo and sub-halo structures are identified with the
halo finding algorithm, Amiga Halo Finder (AHF),
which groups gravitationally-bound particles centered
on a local density peak (Knollmann & Knebe 2009).
We define the virial radius of the halos as the radius
that the average density within it is 200 times the cos-
mological background density. In AHF, the criteria to
determine if a particle is bound to a halo is based on
the particle’s relative velocity and position with respect
to the halo. The gas thermal energy is also considered
for gas particles.
3. PROPERTIES OF HOST GALAXIES
We name the host galaxy of the zoom simulations G1,
G2, and G3 (see Table 1 and Fig. 1). G1 and G2 are
similar in that they have a disk morphology of gas and
stars. Their disks first appear at z ∼ 5.8 and 3.3, and
they have a maximum circular velocity of 51 km/s and
65 km/s, respectively. G3 shows a more spherical mor-
phology, with a maximum circular velocity 36 km/s.
The rotational velocity of G1 and G2 successfully re-
produce those of observed dwarf spirals with compara-
ble mass, e.g. 42-153 km/s (Swaters et al. 2009). The
morphological difference between G3 and the other two
appears to be a result of different epoch of the last ma-
jor merger (LMM)3, zLMM ; both G1 and G2 undergo
LMM at zLMM ∼ 6, while G3 at zLMM ∼ 3.3. The disk
structure of G1 and G2 lasts until the end of the run,
z = 0, since there are no other merging events sufficient
to disturb the disk structure.
3 We define a major merging to be the mass ratio between
galaxies smaller than 1:3.
Fig 1 shows DM and/or stellar structures around the
host galaxies of G1, G2, and G3 at z = 0 (first and
second rows). Black circles in the second row indicate
the surviving satellites that are originally from outside of
the host galaxies. Surrounding the host galaxies, there
are more surviving satellites, however most of them do
not contain any stars. Thus, the stellar satellites shown
in the second panel are much rarer than the satellites
shown in the first panel. G1 and G2 are clearly more
disk-like than G3 (third row).
Bottom row of Fig.1 shows the mass evolution of G1,
G2 and G3. The DM mass of G1 and G2 grow rela-
tively faster than that of G3; half of the final mass is
accumulated at z ∼ 2.4, 1.9, and 1.3, for G1, G2, and
G3, respectively. We confirm the mass growth history of
G1, G2, and G3 with that of all the halos (∼ 1010 M⊙/h
at z = 0) in the entire box of our low resolution DM-
only simulations. We find that they have quite typi-
cal mass growth histories – their mass growth history is
within the 1σ range of the variety of mass growth histo-
ries shown by all the halos. Accumulated gas at the DM
halo center starts to form stars at z = 13.6, 9.5, and 7.9
for G1, G2, and G3, respectively.
The stellar mass of G1 and G2 rapidly increase after
the first star formation, while that of G3 hardly grows
until when G3 undergoes a major merger at z ∼ 3.25.
Since the gas accretion and star formation of G3 takes
place late compared to those of G1 and G2, the ra-
tio of stellar mass to baryon mass at z = 0, Ms/Mb,
of G3 is 0.28, which is lower than those of G1 and
G2 at 0.63 and 0.80, respectively. Here, the accumu-
lated Ms for G1, G2, and G3 is estimated to have V-
band absolute magnitudes ofMV ∼ -15.84, -16.32, and -
14.01, respectively. This closely reproducesMV > -18 of
observed dwarf galaxies (Schombert et al. 1995; Mateo
1998), where MV in the simulations is calculated with
the Ms −MV relation, log10(
Ms
M⊙
) = 2.37− 0.38MV , of
given by Brooks et al. (2013). As SN produce metals
and more massive galaxies are better able to hold onto
these metals, G1 and G2, that grow relatively faster,
end up with larger [Fe/H] (-0.61 and -0.59 respectively),
while G3 has [Fe/H] = -1.03. These results are a good
match to the observed stellar mass-stellar metallicity re-
lation of Kirby et al. (2013b). In addition, it is possible
that the accretion of pristine gas could also play a role
in regulating the metal abundances of the host galaxies.
Thanks to the realistic baryonic treatment described
in Section 2 as well as the high mass resolution, the
three host galaxies well reproduce the observed proper-
ties of dwarf galaxies, as described above. Shin et al.
(2014) showed that the same choice of recipes for the
baryonic physics also well reproduce the observed star
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Table 1. Properties of the host galaxies. Columns 3-7 are the quantities at z = 0: total (DM+gas+star), baryon (gas+star),
stellar mass, virial radius, and maximum rotation velocity, respectively. Columns 9-10 describe the total number of satellite
halos that have fallen into a host galaxy and surviving satellites at z = 0, respectively. Columns 10-11 are epochs of galaxy
formation and last major merger (LMM).
Run Type Mt Mb Ms rvir Vmax Nsat Nsat(z = 0) zform zLMM
[109M⊙] [kpc/h] [km/s]
G1 Disk 7.95 0.391 0.247 32.46 51.06 48 3 26.3 5.98
G2 Disk 7.71 0.463 0.372 32.12 64.73 34 2 23.2 6.21
G3 Elliptical 7.46 0.178 0.050 31.78 36.24 15 3 27.9 3.25
formation rates in significantly more massive systems
such as a Milky Way-like model disk galaxy, and also
the star formation history of the universe in cosmolog-
ical simulations. We will later show in Section 5 that
our model is also reliable for modelling even lower mass
systems than our host galaxies by comparing the prop-
erties of the host galaxy’s satellites to observed dwarfs
of similar luminosity.
G1, G2, and G3 accrete a total of 97 mini-halos until
z = 0, but only 8 of them survive until the end of the
run. Among them, only 5 satellites include stars at z = 0
(black circles of Fig.1.)
The host galaxies grow their mass from merging events
with other smaller halos and smooth accretion. We find
that ∼ 50 % (∼ 42 %) of the DM (gas) mass of the host
galaxies comes from merging with other halos. The rest
∼ 50 % (∼ 48 %) of the DM (gas) mass growth comes
from smooth accretion or unresolved halos below our
mass resolution limit (∼ 7×104 M⊙/h for halos with
less than 20 DM particles).
4. PROPERTIES OF SATELLITES
4.1. Pre-infall
Observed galaxies often contain a wealth of differ-
ent types of satellites: e.g. GCs, dSphs, UFDs, and
dwarf galaxies. The properties of their satellites have
been much better constrained through recent high-
resolution photometries and spectroscopies (Mateo
1998; McConnachie & Irwin 2006; Evstigneeva et al.
2007; Simon & Geha 2007; Mieske et al. 2008). Despite
this, their formation paths remain unclear. To better
understand the evolution of the satellites in our simu-
lations, we analyze the properties of the 64 mini-halos
that form outside the host galaxy, before cosmic reion-
ization, but fall into the host galaxy after reionization,
from a total of 97 mini-halos that fall into the three host
dwarf galaxies. We neglect 33 of the 97 mini-halos be-
cause they fall into the host galaxy before reionization,
but we confirm that this choice does not impact on our
main conclusions.
First, we classify the 64 mini-halos into three sub-
samples, high stellar fraction, low stellar fraction, and
empty, according to the stellar mass fraction, Ms/Mt,
when the mini-halos fall into the host galaxy, zin. Our
choice of Ms/Mt(zin) limit roughly divides the sub-
sample of halos containing stars in half. Twenty ha-
los fall in the high stellar fraction subsample, with
Ms/Mt(zin) > 3 × 10
−4. The low stellar fraction sub-
sample, with Ms/Mt(zin) < 3 × 10
−4 contains twenty-
one halos. Twenty-three mini-halos do not form any
stars at all and are placed in the empty subsample.
Fig. 2 shows the infall redshift (zin) histogram of the
mini-halos in the three subsamples. We can see that the
empty halos (green histogram) fall into the host galaxy
earlier than in the other halo subsamples. Indeed, the
mean value of the infall redshift of the empty halos is
zin = 7.2 which is higher than that of the high stellar
fraction (red histogram; zin = 4.35) and low stellar frac-
tion (blue histogram; zin = 3.1) subsamples. It is likely
that the very early infall of the empty halos does not per-
mit sufficient time for these halos to form stars. On the
other hand, the high stellar fraction subsample typically
falls in earlier than the low stellar fraction subsample,
so we cannot fully explain the differences in efficiency of
star formation between all the subsamples simply with
their infall time.
The histograms of Fig. 3 show the infall redshift of all
the gas (upper panels) and gas particles that will later
contribute to star-formation (bottom panels), when they
are accreted onto the mini-halos of the high stellar frac-
tion (left panels) and low stellar fraction subsample
(right panels). In this figure, we consider the contri-
bution of gas from both mergers and smooth accretion.
The contribution from mergers is only 15 % and 90 %
of the merger gas is accreted after cosmic reionization.
Although mergers are less significant than smooth ac-
cretion in terms of total accreted gas, in fact 70 % of
the cold gas (blue histogram) with T < 104 K that is
accreted externally after cosmic reionization originates
from mergers. We can see that most cold gas falls into
the mini-halos at higher redshift and it is 24.7 % of the
total gas.
The high and low subsamples do accrete some gas be-
fore cosmic reionization, but the amount is only 14.5 %
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Figure 1. Structures and mass growth history of G1, G2, and G3. The first and second rows show structures of DM and stellar
components inside the virial radius at z = 0. The black circles in the second row indicate the virial radius of surviving satellites
containing stars. The third row shows the stellar structure at the central 5 kpc/h of the galaxies. The bottom row shows the
mass growth history of host galaxies until z = 0. Solid black, dashed red, and dashed-dot blue lines represent the evolutions of
DM, gas, and star contents, respectively.
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Figure 2. Histogram of redshift that the mini-halos infall
to the host galaxy. Red, blue, and green histograms indicate
high stellar fraction, low stellar fraction, and empty halos,
respectively. The arrows below the x-axis show the mean
values of zin of each subsamples.
and 6.2 % of the total accreted gas, respectively. We
note that the high and low stellar fraction subsamples
accrete 40 % and 30 % of their gas that later con-
tributes to star formation before reionization, respec-
tively. While this is certainly not negligible, the fact that
the fraction of the gas and the trend of the gas accretion
are quite similar between the subsamples means that dif-
fering gas accretion prior to reionisation is unlikely to be
the source of the widely differing star formation between
the high and low stellar fraction subsamples.
As low density gas is reionized by UV radiation
after the epoch of cosmic reionization, hot gas with
T > 104 K (red histograms) dominates the budget of
accreted gas, and is easily the biggest contributor to gas
that will eventually be involved in star formation. The
majority of this hot gas is accreted in the redshift range
z = 3−5, in all the subsamples. This also demonstrates
that the ability for these mini-halos to manage to hold
onto their gas against reionization is not directly related
to whether they will end up with high stellar fractions.
To test for other possible contributing differences be-
tween the subsamples, we normalize the total accreted
gas mass between zform and zin by the halo mass
Mt(zin) and refer to this as the ‘gas accretion efficiency’.
We find there is a broad trend withMs/Mt(zin) (Fig. 4).
But the large amount of scatter in the trend means that
it is easy to find objects with a broad range of gas ac-
cretion efficiency at fixedMs/Mt(zin), which shows that
the difference between our high and low stellar fraction
subsamples is not just a result of differing gas accretion
efficiency.
The gas accretion of both subsamples peaks at z =
3 − 5 as we mentioned above, whereas the accretion of
hot gas that will later contribute to star formation de-
pends on the subsample. The vertical dashed lines in
Fig. 3 indicate the peak of the total gas or the star
forming gas accretion. It shows the dependence on the
subsamples directly. In the case of the high stellar frac-
tion halos, most of the gas that later contributes to star
formation is accreted at the same time as the peak of the
total gas accretion. On the other hand, the low stellar
fraction subsample halos accrete most gas contributing
to star formation at early redshifts, z = 6 − 7 (right
panels of Fig. 3). This is a clear difference in behaviour
between the two subsamples, and it strongly suggests
that the high stellar fraction subsample is able to much
more efficiently turn its accreted hot gas into cool star
forming gas than the low stellar fraction subsample.
To try and understand why the two subsamples dif-
fer in their ability to cool accreted gas, we consider if
their halo masses differ significantly. In the left panel
of Fig. 5, the histogram indicates the virial mass of
both subsample halos at z = 3 − 5. The number of ha-
los is combined using all snapshots between z = 3 and
z = 5. There is a clear tendency for the high stellar
fraction subsample to have greater halos masses. The
mean virial mass of the high stellar fraction (red his-
tograms) and the low stellar fraction (blue histograms)
subsample halos during the period is 1.79 × 108 M⊙/h
and 8.32 × 107 M⊙/h, respectively. The NFW concen-
tration parameter (cNFW ∼3.7) of the high stellar frac-
tion subsample halos is also slightly greater than that
(cNFW ∼3.0) of the low stellar fraction subsample halos
at these redshifts.
Okamoto et al. (2008) found that reionization effi-
ciently suppresses gas accretion in halos with mass below
a characteristic mass,Mc(z). They define the character-
istic mass as the halo mass when a halo has a baryon
mass fraction of half the cosmic mean value in their sim-
ulations. However in our simulations we find that, al-
though the virial mass of both subsamples is smaller
than the threshold mass of Okamoto et al. (2008), they
can continue to accrete gas after reionization (Fig. A1).
Therefore, we can not explain our accretion histories
based on their recipe. This may be because our simula-
tions include a baryonic physics recipe for low temper-
ature cooling below 104 K and self-shielding (see Ap-
pendix for more details). We conclude it is likely that
the higher mass, higher mass concentration, and thus
deeper gravitational potential well of the high stellar
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fraction subsample halos enable them to compress the
accreted gas to higher density and thus more efficiently
cool their accreted gas than in the low stellar fraction
subsample. In addition, it is likely that the gas heated
by SNe can remain dense and thus cool itself again more
efficiently in the deeper gravitational potential well of
the high stellar fraction subsample halos than in the
low stellar fraction subsample halos, which is another
way to boost their star formation efficiency.
To investigate further, we calculate density nH of gas
inside the halos at z = 3−5 (right panel of Fig. 5). The
gas density distribution is combined using all snapshots
between z = 3 and z = 5. In this histogram, we can see
that the proportion of dense gas in the high stellar frac-
tion subsample halos is larger than that of the low stellar
fraction subsample halos. The amount of self-shielded
gas among the entire gas in high and low stellar fraction
subsample halos is 36.8 % and 14.3 %, respectively. The
self-shielding enables gas to become cool star forming
gas by avoiding the effects of UV heating. Even if the
fraction of the gas satisfying the star formation criteria is
only 1 % among all of the gas in the high stellar fraction
subsample halos, this fraction is 20 times higher than
that of the low stellar fraction subsample halos. In ad-
dition, in the case of the high stellar fraction subsample
halos, they can form dense cloud with nH ∼10
6 cm−3,
while in the low stellar fraction subsample halos, they
can only form gas cloud up to nH ∼ 3 × 10
3 cm−3. In
conclusion, the mass of the halo is an important param-
eter controlling the formation and lifetimes of dense star
forming gas clouds whose presence significantly increases
the stellar mass fractions of the mini-halos.
As the mini-halos merge with the smaller structures
and/or accrete matter, their mass increases. For more
detailed understanding of how the mini-halos increase
in mass, we looked into how Mt(zin) is correlated with
Nm, where Nm is the number of merging events
4 un-
til zin (Fig. 6). We can see that the halos with larger
Nm grow their mass more. The empty halos undergo
few merging events because of their early infall. On the
other hand, the high and low stellar fraction subsample
halos have larger Nm than the empty halos. Although
both halos have a similar range of Nm, the high stellar
fraction subsample halos undergo more frequent merging
events because they fall into the host galaxy earlier than
the low stellar fraction subsample halos. Maccio` et al.
(2017) looked for a strong burst in the star formation
4 The number of merging events is counted when two or more
individual halos identified by AHF at the i time step are identified
as a single halo at the i + 1 time step. Mass increase that is not
attributed to halo merging is defined as smooth mass accretion.
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Figure 3. Histograms of redshift that the gas particles fall
into the mini-halos. Red and blue histograms mean hot gas
(T>104 K) and cold gas (T<104 K), respectively. Two left
figures show the histograms of all gas (the left upper panel)
and star forming gas (the left lower panel) that fall into the
high stellar fraction subsample halos. Two right panels are
for the low stellar fraction subsample halos. The vertical
dashed line in each histograms indicates the peak of gas ac-
cretion.
after major merger events, by providing an additional
source of gas or tidally compressing the existing gas,
using a simple visual inspection (see Fig. 14 of their pa-
per). We also investigated whether merger events might
contribute to the star formation in a similar manner as
in Maccio` et al. (2017). However, we find no clear evi-
dence for a strong connection between the merger events
and the star formation activity of the galaxies involved.
Although there is a strong correlations between
Mt(zin) − Nm, we confirm that only 5 out of the 64
mini-halos increase their mass more by merging than
smooth accretion. Therefore it is clear that Nm can
be considered a proxy for total mass growth (including
both smooth accretion and mergers). We infer that Nm
indicates the environmental history of a mini-halo; e.g.,
mini-halos with larger Nm have likely passed through
denser regions, where more matter was added by both
smooth accretion and merging events (Fakhouri & Ma
2009).
We also investigated whether the formation mass of
the halos contributes to their mass growth or not, but
we found no clear correlation.
Contrary to a recent result of hydrodynamic simu-
lations showing that halos of Mt < 10
9 M⊙/h rarely
contain any stars (Sawala et al. 2016), our results show
that all halos of Mt > 6× 10
8 M⊙/h contain more than
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Ms > 10
4 M⊙/h of stars, where 10
4 M⊙/h corresponds
to the gas particle mass in the highest resolution run
of Sawala et al. (2016) (see Fig. 7). We infer that this
difference stems from a fact that the following two pa-
rameters are applied differently in the two simulations:
the epoch of reionization (z=11.5 in theirs, while z=8.9
in ours) and the existence of self-shielding (not included
in theirs, while included in ours). Due to the lower reion-
ization epoch and the self-shielding used in our simula-
tions, gas clouds can reside deep in the central regions
of the DM halo, avoiding the effects of UV heating,
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Figure 6. Scatter plot of Mt(zin) versus Nm for three sub-
sample halos. Open red and filled blue circles indicate high
stellar fraction, low stellar fraction, and open green triangles
represent empty subsample halos.
and thus form stars even in the low-mass regime. In-
deed, these low-mass objects of Mt ∼ 6 × 10
8 M⊙/h
are reported to be candidate sites to form the UFD
(Wheeler et al. 2015).
Furthermore, our simulations trace the isolated dwarf
galaxy and their satellites, but Sawala et al. (2016) fo-
cused on the Local Group environment. Therefore, there
is a possibility that the environmental differences be-
tween the two simulations could also contribute to the
mass difference of the halos containing stars.
One clear result is that reionisation is unable to empty
all of the gas out of halos, even when they have quite
low masses (5.8×105 M⊙/h < Mt < 1.5×10
8 M⊙/h).
This is because self-shielding plays an important role in
counteracting the effects of reionisation. For example,
our low stellar fraction halos lose only 13 % of their
gas mass due to reionisation. In fact, the high stellar
fraction sample loses negligible gas. Furthermore, most
of the gas that will contribute to star formation is ac-
creted later, after reionization. However this does not
mean that reionization is insignificant in all ways for
mini-halos. Reionisation is responsible for causing the
accreted gas to be hot (T > 104 K). Thus, when it en-
ters a mini-halo, the halo’s gravitational potential well
must be sufficient to compress the accreted gas to high
enough density to enable more efficient cooling, and star
formation. Indeed, the self-shielding continues to aid
this process even long after reionisation has finished, by
enabling gas that has been heated by stellar feedback
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to cool back down more efficiently, despite heating from
the background UV field of the Universe.
4.2. Post-infall
Ram pressure stripping is often considered to be an
environmental mechanism predominantly arising in the
cluster environments. However, we find that the mini-
halos which fall into their host galaxy, so-called satel-
lites, lose a significant portion of their gas content due
to ram pressure stripping. The ram pressure that host
galaxies subject their satellites to, Pram, is calculated
by
Pram = ρgasv
2
gas, (1)
where ρgas is the density of the gas through which the
satellite passes and vgas is the relative velocity of the
surrounding gas with respect to the satellite. The prop-
erties of the surrounding gas are based on the average
density and average relative velocity of all gas particles
within rsat < r < 1.5 rsat, where rsat is the virial radius
of the satellite.
We measure the ram pressure experienced by each
satellite found in the outer halo (r > 0.5 rvir). The
black line in Fig. 8 shows the median value of the ram
pressure for all the satellites in the outer halo at that
moment in time. The shaded regions show the first and
third quartiles of the ram pressure, which gives some
sense of the range of ram pressure strengths experienced
between individual satellites. We see a clear trend for
a decrease in the ram pressures with time, which oc-
curs because the outer halo’s gas density is continuously
decreasing with time.
For comparison to the ram pressures, the red circles
indicate the gravitational restoring force per unit area
of the infalling satellites that contain gas. Here, the
restoring force per unit area of the satellites, Pres, is
computed using
Pres = 2
GMtot,sat(r)ρgas,sat(r)
r
, (2)
where Mtot,sat(r) and ρgas,sat(r) are total mass and gas
density of the satellite within a radius r (McCarthy et al.
2008). We measure restoring forces at the virial radius
of the satellite, in order to see when ram pressure is
sufficient to strip their hot halo gas which otherwise
would later cool.
We find that many of infalling satellites have a smaller
restoring force per unit area compared to the ram pres-
sure of the host galaxy, and thus lose significant gas con-
tents due to ram pressure stripping from the hot gas in
the outer regions of the host halo (r > 0.5 rvir). We find
that 54 of the 97 satellites lose their entire gas contents
during the first few orbital passages, while the others
lose ∼ 46 % on average during their life time. Among
the 54 satellites, 35 satellites lose their entire gas con-
tent when the ram pressure is most effective. Among
the 35 satellites, 17 satellites lose a negligible DM mass
(∼ 5 %), while the others lose ∼ 55 % before their gas
disappears. Therefore, we infer that the former 17 satel-
lites lose their entire gas by ram pressure stripping, while
the latter 18 satellites suffer both ram pressure stripping
and gravitational tidal stripping simultaneously.
In Fig. 9, the orbital trajectories of two representative
satellites, Sat1 and Sat2, are shown together with their
gas distribution. The orbital trajectories are traced as
relative position of the satellites with respect to the cen-
ter of the host galaxy, and we track their positions by
following the main progenitor of the merger tree. These
two satellites lose their dense cold gas (filled green sym-
bols) as well as hot gas (filled red symbols) during the
first few orbital passages. In the figure, the colour of
a symbol denotes the current temperature at the mo-
ment of the snapshot (as opposed to the temperature
at the infall time into the host). This means that the
green points seen near the host centre (cold gas) may
originally have been hot gas denoted by red points in a
previous snapshot that has since cooled onto the host’s
disk.
Sat1 has 9.1×105 M⊙/h of gas content when it enters
the host galaxy, zin = 3.876. This satellite loses all of
its gas content in the hot gas halo of the host galaxy at
z = 3.51, before it reaches the centre of the host galaxy.
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Figure 9. Orbital trajectories and gas distribution of two representative satellites of G1: Sat1 (upper panels) and Sat2 (lower
panels). The red, green, and black dots indicate the hot gas (T>104 K), cold gas (T<104 K) and star particles, respectively.
The black and red circles indicate the virial radius of G1 and the satellites, respectively. The black dashed lines show the orbital
trajectory of the satellites. Projected gas density of G1 is overplotted in the background with a blue color scheme.
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As Sat1 loses only 10 % of DM content by the time its
gas is stripped, we can conclude that Sat1 loses the gas
content due to the ram pressure stripping from the hot
gas in the host galaxy’s outer halo. While Sat1 loses its
gas content at early times due to the ram pressure, the
stellar mass loss of Sat1 is delayed until z = 1.82 when
77 % of the outer DM halo has been stripped.
Sat2 has 4.72× 106 M⊙/h of gas when it falls into the
host galaxy at zin = 4.377. While Sat1 reaches the first
pericenter after 1.5 Gyr from zin, Sat2 arrives at first
pericenter only 200 Myr after zin. Since Sat2 quickly
suffers strong tidal forces near the host galaxy’s center,
Sat2 rapidly loses its DM content. It loses half of its
DM as well as some gas content prior to reaching first
pericenter at z = 3.97. It then crosses the host galaxy’s
disk, and suddenly loses 96 % of its gas content and
75 % of its DM mass at infall. After second pericentre
passage at z = 2.86, it loses the remaining gas, and also
some of its stars are stripped for the first time. At this
point in time it has lost 89 % of its DM mass at infall.
Thus, we conclude that most of the gas contents of Sat2
is stripped by a combination of ram pressure from both
the hot diffuse gas of the host’s gas halo and the cold
dense gas of the host’s disk. In comparison, the gas of
Sat1 is stripped by ram pressure from the hot diffuse
halo gas only.
When Sat1 and Sat2 enter the host galaxy, 26 % and
29 % of their total gas have a temperature below 104 K,
respectively. We confirm that the cold gas (T<104 K)
of Sat1 is heated above 104 K after it is ram pressure
stripped in the hot gas halo of the host galaxy. Most of
the stripped gas from Sat1 (∼70 %) is later blown out
of the host galaxy by strong SN feedback driven winds
originating in the disk of the host, while the rest cools
and is later accreted onto the host’s disk. Sat2, mean-
while, loses 96 % of its gas content when it crosses the
host’s disk. This form of gas loss enables the stripped
gas to rapidly and efficiently cool and accrete onto the
disk. Indeed, we measure that 66 % of the stripped
gas from Sat2 is located on the disk and only 20 % of
the stripped gas is blown away from the host galaxy by
z = 2.566.
The satellites orbiting inside the host galaxy lose mass
by tidal stripping. Among the eight surviving satellites
at z = 0, five satellites that we label ‘ancient infallers’
fall into the host galaxy at z > 2 and the rest labelled
‘recent infallers’ enter the host galaxy at z < 0.7. While
orbiting inside the host galaxy, the ‘ancient infallers’
lose more than 93 % and 51 % of their DM mass and
stellar mass, respectively. On the other hand, the ‘re-
cent infallers’ lose only 78 % and 2 % of their DM and
stellar mass, respectively. Both subsamples show that
the DM components of the satellites are preferentially
lost as time goes by (as also seen in Han et al. (2018)),
while the ‘recent infallers’ show that the mass loss of
the stellar component is delayed until the outer DM en-
velope is stripped (Smith et al. 2016). Even though the
DM halo continues to be stripped over time, within their
stellar disks they remain fully dominated by DM with
Ms/Mt < 5× 10
−3 and Mdyn(< rh) > 1.8× 10
6 M⊙/h,
where Mdyn(< rh) is the dynamical mass inside of the
half light radius, rh.
5. COMPARISON WITH OBSERVATIONS
Due to recent high-resolution photometric and spec-
troscopic observations, we now have more detailed infor-
mation on satellite stellar objects with low luminosities,
such as dSphs, UFDs, GCs, and UCDs (Mateo 1998;
McConnachie & Irwin 2006; Evstigneeva et al. 2007;
Simon & Geha 2007; Mieske et al. 2008). In Fig. 10,
we compare M/LV , rh, [Fe/H], and MV values for the
surviving satellites with those of observed satellite stel-
lar objects. Since three of the 8 surviving satellites have
no stellar components at z = 0, only the remaining five
are compared with the observed stellar objects at z = 0.
We find that the values of Ms/Mt(zin) of these five sur-
viving satellites appears quite reasonable if we compare
them to the extrapolated halo abundance matching re-
sults of Behroozi et al. (2013). The M/LV value for the
surviving satellites is calculated with Mt(r < rh) and
Ms(r < rh) at z = 0.
The five surviving satellites have similar M/LV , rh,
[Fe/H], and MV properties to those of UFDs. Their
mean stellar age is estimated to be ∼ 11 Gyr, which is
comparable with the stellar age of observed UFDs (∼>
11.6 Gyr) (Brown et al. 2014).
The UFD candidates have a size of rh = 0.11-0.47 kpc,
which is quite similar to that the observed UFD, 0.1-
0.55 kpc.
We do not find any star cluster candidates present
in the mini-halos of our satellites. On the other hand,
we find two star cluster candidates (Ms = 4 × 10
4 and
105 M⊙/h) that form in the gaseous disk of G1 at z ∼ 3.
These star cluster candidates have very similar prop-
erties to observed GCs such as M/LV values as low
as ∼ 1, and the metallicity, [Fe/H] ∼ 1.1. The ob-
jects are as large as the extended globular cluster (rh
= 15-25 pc), but it is likely that the extended size is
the result of the limited spatial resolution (12 pc/h)
of our simulations. Although both star cluster candi-
dates do not survive until z = 0, and have merged with
their host by z ∼ 0.7, their presence supports a sce-
nario in which GCs are generated within gas clumps
in the host galaxy’s gaseous disk (Fall & Rees 1985;
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Figure 10. Comparison between the observed satellites and
the 5 surviving satellites in a space of M/LV −MV (upper),
rh −MV (middle), and [Fe/H]−MV (lower). Observed GCs,
dSphs, UCDs, and UFDs are indicated by yellow pluses,
light blue triangles, green asterisks, and violet crosses, re-
spectively.
Kravtsov & Gnedin 2005; Kruijssen 2015), as opposed
to forming directly with mini-halos.
6. SUMMARY AND DISCUSSION
Using high-resolution cosmological hydrodynamic
simulations, we investigate how satellites around a
dwarf galaxy form and evolve until z = 0. For this,
based on a parallel N-body/SPH code GADGET-
3 (Springel 2005), we implemented realistic astro-
physical processes to describe baryonic structures of
Mb ≥ 10
4 M⊙/h (Saitoh et al. 2006; Saitoh & Makino
2009; Durier & Dalla Vecchia 2012; Shin et al. 2014).
We performed three zoom simulations that target three
different dwarf galaxies whose total mass at z = 0 is
∼ 1010 M⊙/h. Two of them evolve into dwarf disk
galaxies, while the other evolves into a dwarf with more
spherical morphology.
A total of 97 mini-halos of Mb ≥ 10
4 M⊙/h form
outside and then enter the host galaxy. Among them,
8 survive until the end of the runs, while the others are
disrupted by the host galaxys tidal forces. The disrupted
satellites contribute ∼ 20 % (∼ 5 %) of the host galaxy’s
DM (gas) mass growth, respectively. The characteristics
of the mini-halos and satellites can be summarized as
follows:
1) The surviving satellites have similar properties to
observed UFDs in terms of [Fe/H], M/LV , MV , rh, and
mean stellar age. We find that two star cluster candi-
dates form in the gaseous disk of the host galaxy. Al-
though the candidates are disrupted by z ∼ 0.7, their
presence supports a scenario in which globular clusters
are formed within thermal instabilities or hydrodynam-
ical shocks from collapsing gas clouds within the disk of
their host galaxy (Fall & Rees 1985; Kravtsov & Gnedin
2005; Kruijssen 2015).
2) In the case of the halos having stars, most of the
gas is accreted at z = 3 − 5. Although the peak of
accretion of gas that will later contribute to star forma-
tion depends on the subsamples, most is accreted long
after cosmic reionization. Therefore, the survival of a
mini-halos gas to cosmic reionization is not an impor-
tant factor controlling their stellar mass fractions.
3) More massive and higher concentration halos seem
better able to cool hot gas that is later accreted, likely
due to their ability to better compress the gas within
their denser halos. We find that the halos in denser
environments undergo more frequent merging events and
more smooth accretion and thus grow their mass more
rapidly.
4) Tidal stripping of mini-halos by the host galaxy de-
stroys 89 of 97 satellites. However, we find that the ram
pressure is a crucial factor to quench their star forma-
tion, even though the host galaxy is a dwarf itself with a
halo mass of only Mt ≤ 10
10 M⊙/h. The ram pressures
can arise from motion of the mini-halos through both
hot halo gas and also with the colder gaseous disk of the
host galaxy.
Our results show that the properties of the satellites in
the host galaxy are determined by both growth processes
acting outside of the host galaxy as well as growth pro-
cesses acting inside of the host galaxy. In this paper, we
investigated the three host galaxies only briefly because
we choose to focus on the mini halos around the host
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galaxies instead. However, in a future paper, we will
investigate what drives the morphological differences we
see between the host galaxies, and using a larger sample
of dwarf galaxies.
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funded by the Ministry of Education of Korea.
APPENDIX
Okamoto et al. (2008) performed cosmological hydrodynamic simulations to investigate which galaxies can accrete
or hold onto their gas against the background UV field. They measure a characteristic mass, Mc(z), directly from
their simulations following the definition that it is the halo mass when the halo has a baryon mass fraction, Mb/Mt,
of half the cosmic mean value. In their scenario, what matters is whether or not their halo mass is above or below the
critical value ofMc(z). However, both their halo mass andMc(z) evolves with time. For example, they find thatMc(z)
increases from 107 M⊙/h right after reionization to 6.49× 10
9 M⊙/h at z = 0. They suggest that Mc is determined
by the temperature of the gas at the edge of the halo. Their simple model for gas accretion assumes the accreted gas
at the edge of a halo has a density of one-third of the halo’s virial gas density and this gas cannot accrete if it has a
temperature higher than the halo’s virial temperature,
Tvir =
1
2
µmp
kB
Vc
2, (A1)
where, µmp is the average molecular mass and kB is the boltzmann constant, respectively, and the circular velocity,
Vc, is measured at the virial radius of the halo. They also found that background UV field prevents the gas from
accreting to the halos with M ≤Mc effectively.
In our simulations, we find that the high and low stellar fraction subsample halos are less massive than the charac-
teristic mass in almost all of redshift (Fig. A1). We find that 89 % of these halos have their gas mass fraction reduced
below half the cosmic mean value. The remaining 11 % also lose at least 25 % of their gas contents after reionization,
but their early infall (zin > 5.5) and large self-shielded gas content prevents the gas fraction from dropping too low.
The gas mass fraction of both subsamples continuously decreases, but the gas accretion is not fully halted. To confirm
whether the gas accretion model of Okamoto et al. (2008) can be applied to the high and low stellar mass fraction
subsamples, we investigate the temperature evolution of all the gas accreted after reionization that still remains when
the halo first falls into the host galaxy. We find, for both subsamples, 77 % of total accreted gas has a temperature
higher than the halo’s virial temperature. In particular, gas accretion peaks at z = 3− 5 and during this period, 97 %
of the accreted gas is hotter than the halo’s virial temperature. The fact that such hot gas can be accreted and does
remain in the halos indicates that we cannot easily apply the gas accretion model of Okamoto et al. (2008) to explain
our subsamples.
One of the reasons why our simulations do not match the Okamoto et al. (2008) results might be that our inclusion
of a self-shielding recipe and cooling below 104 K which likely better enables the temperature of the bounded gas to
continuously decrease, even if it is initially above the virial temperature of the halo. Indeed, we confirm that 39 %
of the gas hotter than the halo’s virial temperature cools below the halo’s virial temperature. In addition, it is likely
that the true temperature of the hot gas within a halo is not well approximated by the virial temperature equation
given in Equation A1.
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